Synaptic plasticity is the cellular basis of learning and memory. The strengthening and weakening of synapses require adaptive changes of their components and involve the dynamic movement of synaptic proteins through active cytoskeleton transport and Brownian diffusion at the plasma membrane (PM). To deliver newly synthesized neurotransmitter receptors, neurons use kinesin family proteins (KIFs) to power vesicular transport of AMPARs, NMDARs, GABA A Rs, and GlyRs along microtubules into dendrites. Myosins often mediate the final steps of PM delivery, using actin filaments as tracks that are highly abundant underneath the PM and in dendritic spines. Upon surface delivery though exocytosis, receptors undergo diffusion movement and reversible trapping by receptor-scaffold interactions. These interactions are in turn regulated through signaling mechanisms, following neuronal activity changes. Adjustment of synaptic receptor numbers also involves internalization through endocytic processes. Initial steps of receptor endocytosis are mediated by actin and myosins. The transport of receptors downstream of the sorting endosome is powered by the microtubule motor dynein. Alternatively, myosins transport receptors from recycling endosomes back to the PM. Thus, the dynamic routes of postsynaptic receptors involve alternate steps of transport, diffusion, and confinement that are regulated by neuronal activity and are specialized to rapidly adapt synaptic receptor numbers in regulating synaptic strength.
Receptor Transport Complexes KIF5 and KIF17 mediate anterograde transport of neurotransmitter receptors (AMPARs, GABA A Rs, GlyRs, and NMDARs, respectively) along microtubules toward the synapse. The velocity of transport varies between about 0.2 µm/s to 1.5 µm/s. Synaptic scaffolding proteins (e.g., GRIP1 and gephyrin) serve as cargo adaptors to connect vesicular receptors with the motor, thereby mediating specificity of cargo recognition. Cargo adaptors also participate in regulating the direction of transport. GRIP1 directs KIF5 transport into dendrites, although the KIF5 motor domain preferentially moves into axons. Transport vesicles simultaneously bind to opposite-directed motors and move by tug of war. Phosphorylation of serine 421 in huntingtin controls whether neuronal BDNF transport vesicles move into anterograde or retrograde directions. Huntingtin is also a candidate to regulate GABA A R transport complexes because mutant polyQ huntingtin disrupts the synaptic delivery of GABA A Rs. To release transported NMDAR-containing cargo vesicles from the motor, CaMKII phosphorylates the tail of KIF17. In dendritic spines, Myosin Vb mediates anterograde transport of AMPARs from recycling endosomes to the synaptic PM, whereas increased endocytosis of AMPARs, after induction with AMPA, depends on myosin VI. Internalized GABA A Rs interact with muskelin to reach the endosome via myosin VI and to further travel to the lysosome via dynein. In some trafficking routes, AMPARs and NMDARs (or GABA A Rs and GlyRs) may eventually share the same vesicle. AMPARs further associate with transmembrane auxiliary subunits, such as TARPs or related proteins.
Cytoskeleton
The cell cortex on the inner face of the PM is an actin-rich layer. In dendritic spines, the spine head and its neck contain a dense network of actin filaments. Electron microscopy failed to detect microtubules in spines. However, dynamic microtubules, labeled by the microtubule tip-tracking protein EB3, were reported to transiently enter spines in an activity-dependent manner. At the base of the spine, actin filaments associate with microtubules that are highly abundant in dendrites. Tubulin in microtubules is modified by different posttranslational modifications, some of which affect transport in neurons.
Cell-Surface Diffusion at Synapses
Excitatory and inhibitory ionotropic receptors traffic rapidly at the surface of the neuronal PM by thermally driven Brownian diffusion. Synaptic receptor numbers result from a dynamic equilibrium between synaptic and extrasynaptic sites. Receptors constantly switch between mobile and immobile states, with a mobile rate of about 0.1 µm 2 /s to 0.5 µm 2 /s. The reversible binding of mobile receptors to immobile submembrane scaffolds or cytoskeletal elements leads to diffusion trapping and, consequently, to an immobilization of receptor molecules. The percentage of time spent by a given receptor in the diffuse or immobile state is highly variable and varies from 0% to 100%. Diffusion trapping is regulated by posttranslational modifications of receptors or scaffold elements, as well as by membrane compartmentalization or the extracellular matrix (ECM). Reversible binding and unbinding appear in microdomains of less than 100 nm in size. Long-term homeostatic regulation of neuronal activity involves changes in AMPAR diffusion rates, and scaling down synaptic transmission increases the rate at which AMPARs unbind from and exit the postsynaptic density.
Key Questions
Although much progress in characterizing the exchange of neurotransmitter receptors at synapses has been made, many questions remain.
(1) How is the active transport of plasticity-related proteins (PRPs) directed to those dendrites that contain active or tagged synapses? (2) What regulatory mechanisms exist to switch transport complexes between microtubules and actin filaments in order to enter a dendritic spine? (3) Which signals unload cargoes from the motor complex to deliver receptors to an excitatory versus an inhibitory synapse? (4) How is the exchange of receptors between intracellular vesicles and the PM regulated? (5) Which posttranslational modifications control the diffusion trapping of cell-surface receptors? (6) How are neuronal activity changes translated to crosstalk with the trafficking machinery?
